Background: Although considerable efforts have been made to improve the graft patency in coronary artery bypass surgery, the role of biomechanical factors remains underrecognized. The aim of this study is to investigate the influences of geometric configurations of the bypass graft on hemodynamic characteristics in relation to anastomosis.
INTRODUCTION
A great deal of effort has been put into avoiding bypass graft failure and improving graft patency in coronary artery bypass surgery, including through the use of arterial graft instead of saphenous vein. However, the role of biomechanical factors, which could initiate progress of focal intimal hyperplasia around the anastomosis and finally cause graft failure, has been relatively little known [1] [2] [3] [4] . For the initiation and development of atherosclerosis in the arteries, four hemodynamic hypotheses have been postulated, namely, the pressure-related hypothesis [5] , high wall shear stress hypothesis di=Inlet diameter of graft vessel; d0=Outlet diameter of graft vessel; Di=Inlet diameter of coronary artery; D0=Outlet diameter of coronary artery. Di＞D0.
[6], low wall shear stress hypothesis [7] , and turbulence-related hypothesis [8] . However, the pathogenesis of the initiation and progression of the disease is not yet completely understood.
Biomechanical factors are related to fluid dynamics or wall mechanics. Low-wall shear stress and high-wall mechanical stress/strain are the primary biomechanical factors predisposing a patient to coronary bypass graft disease [9] . Various factors including vessel geometry and coronary artery movement have been identified as directly affecting the primary biomechanical factors [10] [11] [12] . Several authors [13, 14] have reported the results of some numerical analysis for the flows in end-to-side anastomosis.
The aim of this study is to investigate the influences of geometric configuration in coronary artery bypass grafting on the hemodynamic characteristics related to anastomosis.
MATERIALS AND METHODS

1) Geometric shape of the model
The geometric shape of the coronary artery with an aorto-coronary bypass is shown in Fig. 1 , and the geometric dimensions of the aorto-cononary bypass models are given in The degree of coronary artery stenosis is assumed to be 70% at which point the patient feels chest pain. The geometric configuration for the numerical analysis is modeled from the stenosed coronary artery bypassed by a graft vessel with end-to-side anastomosis.
In an aorto-coronary bypass surgery, the autologous conduit is frequently a saphenous vein. Proximal and distal end diameters of the harvested vein graft are usually different.
In order to investigate the influences of the diameter changes of the bypass grafts on hemodynamic characteristics, the proximal and distal end diameters of the graft (di→d0)
were set as shown in Table 1 (1) and (2) are continuity and momentum equations for 3-dimensional, steady, and incompressible flows.
where p, ui, and p are the density, velocity vector, and pressure, respectively. The shear stress tensor, τij, in Eq. (2) may be expressed as the shear rate in Eq. 
where η denotes the apparent viscosity.
Once the local shear rate is calculated, the local non-Newtonian viscosity can be determined from the viscosity 
RESULTS
The mass flow rates ṁ 1 , ṁ 2 and ṁ 0 represent the rates through the stenosed coronary artery, the bypass graft, and the outlet coronary artery, respectively (Table 2) . Rate ṁ 0 is the sum of ṁ 1 and ṁ 2 . The mass flow rate is determined by the conservation equations of mass. (Table 2) .
For a given single artery, the pressure drop depends on the mass flow rate through the artery. However, for a given artery system such as the models in this study, the pressure drop along the stenosed coronary artery is related to the mass flow rates through the coronary artery and bypass graft. The Jae-Sung Choi, et al m1=Mass flow rate through the stenosed coronary artery; m2=Mass flow rate through the bypass graft; m0=Mass flow rate through the outlet coronary artery. 
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DISCUSSION
This study showed the effects of the geometric dimension (bypass graft diameter and tapered direction) and the anastomotic angle on the mass flow rate, pressure drop, and wall shear stress along the stenosed coronary artery and end-to-side bypass graft by using numerical simulation. These effects are summarized as follows:
(1) Model 3 delivers the largest amount of mass flow and the least pressure drop along the bypass graft. It is recommended that a uniform bypass graft whose diameter is the same as the inlet diameter of the stenosed coronary artery be used.
(2) Orientation of the nonuniform bypass graft is an important biomechanical factor. When comparing the two nonuniform graft models, Model 2, where the inlet diameter is smaller than the distal diameter, is preferable to Model 1, where the inlet diameter is larger and tapered off. compliance mismatch between the graft and host artery [17] , high frequency flow and wall shear stress [18] , and abnormal flow dynamics at the distal anastomosis [19] .
According to a recent review [9] , the relevant biomechanical factors predisposing to host coronary artery and bypass graft disease are classified into primary and secondary factors. The primary biomechanical factors are (1) low-wall shear stress or highly oscillatory wall shear stress and (2) high-wall mechanical stress or strain. The secondary biomechanical factors include vessel wall characteristics and the presence of reflection waves, vessel geometry, and vessel movement. Low-wall shear stress is associated with plaque thickening [20] and increased atherosclerosis progression [21] for several possible reasons: unfavorable alignment with the flow direction and shape of the endothelial cells [22] ; increased uptake of atherogenic particles [23] ; or decreased oxygen flux into the vessel wall [24] . High-wall stress, resulting in localized stress concentration and pressure distension of the bypass graft, is associated with being susceptible to atherosclerosis [25] . Several possible reasons for this have been proposed: generation of reactive oxygen species and up- al. [29] with computational models.
Generally, the wall shear stress is lowest along the inner curvature and it becomes greater as the curvature increases [9] . This is partly in line with the results of this study. At This observation will be quite valuable knowledge for choosing anastomosis techniques if it is firmly supported by in-vivo studies in the future, considering that the low-wall shear stress and recirculation zone are likely to occur around the heel and are associated with progression of intimal hyperplasia affecting the long-term patency of the bypass graft [29] .
CONCLUSION
The present study may have clinical implications and provide insight into the biomechanics of various configurations of end-to-side coronary artery bypass grafting. Although the present study is not based on in-vivo measurement but on the mathematical and computational modeling, these methods are good tools for analyzing the biomechanical factors which are speculated to contribute to graft patency in coronary artery bypass grafting.
